Abstract: The aims of this work are to provide some properties of alkaline phosphatase (ALP) in the planarian Dugesia japonica and detect its activity in response to different stressors, as well as to introduce renatured SDS-PAGE to study enzyme activity in planarians. Our results indicate that ALPs in planarians are mainly membrane-bound form, identified as three mainly enzyme-bands (approximately MW 260 kD, 180 kD, 160 kD, respectively). Under our experimental conditions, ALPs activity had no apparent changes in response to low concentration of Hg • C for 2 days) inactivated ALP activity. Interestingly, ALP and other cytosolic phosphatases (MW from ∼45 kD to ∼60 kD) activity increased noticeably during the early stage of planarians regeneration, which may be involved in cell proliferation and differentiation. Contrary to regeneration, prolonged starvation suppressed ALP activity. The above findings provide valuable information about the role of ALP in planarian regeneration and for its use as an indicator in ecotoxicology.
Introduction
Alkaline phosphatase (ALP: EC 3.1.3.1) is a membranebound protein anchored by a phosphatidyl-inositol glycan, found on the membranes of almost all animal cells (Moss 1992; Bublitz et al. 1993 ). This enzyme is involved in a variety of metabolic processes, such as bone mineralization, molecule permeability, cell growth and differentiation, osmoregulation, and regeneration (Whittaker et al. 1990; Andracchi & Korte 1991; Hui et al. 1993; Lovett et al. 1994; Wright 1997; Hessle et al. 2002; Pinoni et al. 2005; Whyte 2010 ). The measurement of alkaline phosphatase activity is generally carried out in clinical and ecotoxicological studies (Moss 1992; Molina et al. 2005; Albrecht et al. . 2010; Whyte 2010) . In ecotoxicology, this enzyme may serve as an indicator of intoxication because of its sensitivity to metallic salts (Mazorra et al. 2002; Safahieh et al. 2010) .
Freshwater free-living planarians are distributed world-wide in unpolluted streams and are an important component of the aquatic ecosystem. Traditionally, they have been used as animal models in stem cell research and in studies of the central nervous system regeneration because of their powerful regenerating ability (Wenemoser et al. 2010; Gentile et al. 2011) . Recently, they have also been used as test organisms in environmental toxicology (Guecheva et al. 2003; Pra et al. 2005; Li 2008; Alonso et al. 2011) . Most of these studies investigated the changes of stress proteins, cholinesterase (ChE) and catalase activity in response to chemical pollutants, and discussed their effects on the planarians' survival and genotoxicity. However, no reports have addressed ALP activity under stress conditions in planarians.
In this paper, we used renatured SDS-PAGE to detect the ALP activity in response to heavy metal stress, thermal stress, amputation and starvation in the planarians Dugesia japonica. The main objectives of the present study were (1) to use ALP as a biomarker to evaluate the potential damage on cell membranes caused by heavy metal stress and thermal stress in planarians, (2) to estimate its potential role as an indicator of cell proliferation, (3) to introduce renatured SDS-PAGE as a useful tool to study enzyme activity in planarians.
Material and methods

Animals and treatments
Planarians Dugesia japonica Ichikawa et Kawakatsu, 1964 used in this study were collected from Tagang Reservoir, Xinxiang City, China. They were cultured in autoclaved tap water in the dark at 18
• C and fed once a week with fresh fish spleen. Animals used in all experiments were starved for at least 1 week, except for degrowing worms. Animals following the cutting before and after the pharynx were regenerated in autoclaved tap water at 18 • C for 2 days. A group of control organisms were maintained in parallel for all experiments but were not subjected to metal stress or thermal stress.
Preparation of tissue extracts
After the treatment, planarians were immediately homogenized in the buffer (40 mmol
aprotinin, 1% Triton X-100, pH 7.5), and centrifuged at 12,000 g at 4
• C for 15 min (heavy metal treated-animals were thoroughly washed with deionized water before homogenization). The tissue supernatants were aliquoted and stored at −85
• C. Protein concentration was determined by BCA Kit (purchased from Dingguo, China). Tissue extracts from earthworms (Eisenia foetida), snails (Platypetasus tectum-sinense), fish muscles (Carassius auratus) and mouse livers (Mus musculus) were similarly prepared.
Detecting alkaline phosphatase activity by renatured SDS-PAGE electrophoresis Renatured SDS-PAGE was performed using a modified SDS-PAGE as follows. Tissue supernatants were mixed 2:1 (v/v) with Laemmli (1970) sample buffer without β-ME and immediately loaded on 8% gels. The electrophoresis was run at constant voltage 50 V at 4
• C. The samples were electrophoresed in separation gel at 100 V. After electrophoresis, the gels were rinsed in washing buffer (3.03 g Tris-base, 12 ml Triton X-100, 500 ml distilled water, pH 6.5) for 30 min on a shaker, followed by washing in distilled water for 3 times (5 min/time). The gels were then incubated in ALP buffer (100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCl2, pH 9.5) containing NBT/BCIP until the enzyme bands were vivid. After staining, the gels were fixed in fixative solution (methanol/acetic acid/water = 5/1/4) and imaged. A prestained protein molecular weight marker (PR1700, Solarbio China; MP204, Tiangen China) was run at the same time on each gel to evaluate the molecular weight of ALP in planarians. Experiments were run in triplicate. The duplicate gels were directly stained with Coomassie Brilliant Blue R250 to confirm equal loading among the lanes.
Results and discussion
Properties of ALP in planarian Dugesia japonica by renatured SDS-PAGE ALP isozymes have long been studied in many organisms. Generally, they are active as the dimer or tetramer form, with native molecular weights from 80 kD ∼ 220 kD (Moss 1982 (Moss , 1992 Eguchi 1995) . Under our experimental conditions, ALPs in planarian Dugesia japonica were identified as three main enzymebands (approximately MW 260 kD, 180 kD, 160 kD respectively) (Figs 1A, F-H). In addition, ALP activity (∼260 kD enzyme-band) from tissue extracts containing Triton X-100 (Fig. 1G ) was much higher than that from tissue extracts without Triton X-100 (Fig. 1F) , which indicates that ALPs in planarians are primarily membrane-bound proteins. Because ALPs are located in the plasma membranes of cells, anchored there by a hydrophobic molecular domain (Moss 1982) . Such a hydrophobic domain will facilitate interactions with other proteins and lipids, leading to the formation of aggregates and complexes of various kinds. It may be the main reason for the relatively higher molecular weight of the native ALPs as well as the heterogeneity of ALPs in planarians. As the gene structures of ALP in planarians have not been reported, the properties of ALPs (such as the molecular weights of subunits) in planarians require further investigation.
The heterogeneity of ALPs in other animals also can be seen in our results. ALPs were identified as two enzyme-bands (∼160 kD and ∼120 kD, Fig. 1B ) in snails, one dominant enzyme-band (∼140 kD, Fig. 1C ) in mouse liver, two enzyme-bands (∼170 kD and ∼150 kD, Fig. 1D ) in fish muscles, and one dominant enzyme-band (∼180 kD, Fig. 1E ) in earthworms. Other studies have reported that the native molecular weight of ALP in human liver tissue is 146 kD (Trepanier et al. 1976 ) and in rat liver tissue it is 155 kD (Ohkubo et al. 1974) . Therefore, our data showing mouse liver ALP molecular weight at 140 kD by renatured SDS-PAGE is reasonable. Employment of renatured SDS-PAGE to detect ALPs and other enzymes activity has long been used in our laboratory. Compared with native PAGE, renatured SDS-PAGE has many advantages. Firstly, it can avoid diffusion of enzyme proteins during electrophoresis; secondly, it can evaluate the molecular weight of enzyme-band by comparison to a control protein marker; thirdly, it provides visible and reliable results. One aim of our present study is to introduce renatured SDS-PAGE as a useful tool to study enzyme activity in planarians. Animals were cut before and after the pharynx. E -Starvation treatment. S1: starvation for 1 week as the control; S2: starvation for 2 weeks; S3: starvation for 3 weeks; S4: starvation for 4 weeks; S5: starvation for 5 weeks; S6: starvation for 6 weeks; RF1: the first time re-fed; RF2: the second time re-fed.
Changes of ALP activity in response to heavy metal exposure To investigate the effects of heavy metal exposure on ALP activity in planarians, we exposed the animals to different concentrations of Hg 2+ and Pb 2+ , respectively, for one week. No significant changes were observed in the activity of ALP in Hg 2+ 25 µg L −1 treated groups ( Fig. 2A) had no significant effects on the ALP activity, but elevating Pb 2+ concentration to 500 µg L −1 and 1000 µg L −1 (sublethal dose) can apparently inhibit ALP activity (Fig. 2B) . Pb 2+ inhibits ALP activity in a dose-dependent manner under our experimental conditions. Heavy metals being lipophilic substances could interact directly with the plasma membrane to alter its functions. A disturbance of the membrane system may result in the observed decrease in ALP activity.
Changes of ALP activity in response to thermal stress Freshwater planarians are usually kept at 18-20
• C, they are very vulnerable to thermal stress. If the culture temperature is gradually elevated, planarians can endure 32
• C, and even 33
• C for 24 h (Ma et al. 2009 ). However, the acute thermal stress is lethal to planarians. To investigate heat-shock response, most studies focused on the expression pattern of heatshock proteins (Ma et al. 2009 (Ma et al. , 2012 Manchado et al. 2008) . In the present study, we selected ALP as an indicator to evaluate the effects of thermal stress on the plasma membrane. When planarians were kept at 25
• C for 2 days, ALP activity increased significantly compared to the control samples. When elevating the culture temperature to 30
• C for 2 days, followed by 32
• C for 2 days, ALP activity decreased sharply, to lower than the control level (Fig. 2C) . Mild heat shock may induce ALP activity and promote cell proliferation, but severe heat shock may inactivate ALP activity and disturb plasma membrane functions.
Changes of ALP activity in response to tissue trauma Tissue trauma in planarians, hydra, newt, and liver of rat and other animals can trigger cell proliferation and tissue regeneration. The rise in ALP activity during regeneration has been discussed in many studies (Karczmar & Berg 1951; Wright 1977; Gawlik et al. 1976; Donachy et al. 1990 ). In the present study, ALP activity began to rise at 1 day following the amputation of planarians, reached a peak at day 3 and decreased gradually starting at day 5 and returning the normal level at day 10 (Fig. 2D) . There is no doubt that ALP activity in the early stage of regeneration indicates important biochemical events responsible for regeneration.
Other forms of cytosolic phosphatases (MW from ∼45 kD to ∼60 kD) exhibited higher activity during planarians regeneration (2∼3 days post amputation) (Fig. 2D) . These phosphatases may be involved in protein phosphorylation and dephosphorylation which are important regulatory mechanisms for cell proliferation (Swarup et al. 1981; Moriyama et al. 1994; Husberg et al. 2012) . But their roles in planarian regeneration require further investigation.
Changes of ALP activity in response to prolonged starvation Another striking feature of planarians is that they show strong tolerance to prolonged starvation (Bowen et al. 1976) , which leads to their body size reduction to a minimum of around 1 mm, a reversible phenomenon known as de-growth. This decrease in body size is caused by a reduction in mitosis and an increase in cell autolysis and death. We investigated the effects of prolonged starvation on ALP activity. ALP activity decreased gradually during de-growth, it was barely detected after 6 weeks of starvation (Fig. 2E) . Following re-feeding, ALP activity returned to the normal level. Recently, Morotomi et al. (2011) reported that starvation suppressed ALP activity. Regeneration and de-growth are two opposite events related to cell proliferation, and ALP activity changes may be used as a marker to evaluate cell viability.
In this paper, we firstly reported that ALP activity can be inhibited by heavy metal treatment, thermal stress, and starvation in planarians. Especially interesting is the finding that ALP and other cytosolic phosphatases (MW from ∼45 kD to ∼60 kD) activity increase during the early stage of planarians regeneration, and they may be involved in cell proliferation and differentiation. Another major contribution of this work is the employment of renatured SDS-PAGE to study ALP activity in planarians.
